ABSTRACT: Experiments probing the properties of individual carbon nanotubes (CNTs) and those measuring bulk composites show vastly different results. One major issue limiting the results is that the procedures required to separate and test CNTs introduce contamination that changes the properties of the CNT. These contamination residues often come from the resist used in lithographic processing and the surfactant used to suspend and deposit the CNTs, commonly sodium dodecyl sulfate (SDS). Here we present ammonium laurate (AL), a surfactant that has previously not been used for this application, which differs from SDS only by substitution of ionic constituents but shows vastly cleaner depositions. In addition, we show that compared to SDS, AL-suspended CNTs have greater shelf stability and more selective dispersion. These results are verified using transmission electron microscopy, atomic force microscopy, ζ-potential measurements, and Raman and absorption optical spectroscopy. This surfactant is simple to prepare, and the nanotube solutions require minimal sonication and centrifugation in order to outperform SDS.
■ INTRODUCTION
Carbon nanotubes (CNTs), closed cylinders of graphene, have exhibited promising properties for mechanical, optical, electrical, and thermal applications. 1−4 However, an issue that commonly arises is that measurements of composites and bulk samples of CNTs do not show as promising properties as the individual nanotubes themselves. 5, 6 In order to use CNTs in many applications, these bulk properties must be improved. Understanding and improving the bulk properties will inevitably require the ability to manipulate individual CNTs without altering the CNTs and without introducing propertychanging contamination. It has been well-documented that the common procedures that are used to separate and measure individual CNTs introduce residues that change the effective properties of the CNTs. 7, 8 There is currently a strong effort to develop cleaning procedures to remove these residues from carbon nanomaterials, 9 ,10 but a better approach is to limit the sample's exposure to contaminants from the start. 11 One source of contaminating residue is from resist used during lithography steps, 12, 13 but another, less commonly addressed source is surfactant residue from CNTs suspended in aqueous solutions. Electron micrograph images in publications sometimes even show the residue of re-formed surfactant salt alongside the CNTs. 14, 15 This residue is not only problematic for imaging, but also changes the properties of the deposited nanomaterial, including introducing higher electrical contact resistance. 7, 16 For almost 2 decades, research has shown that CNTs can be suspended in solutions and later deposited onto substrates for testing, but the approach remains notoriously difficult and unreliable to apply in practice. CNTs are hydrophobic and bundle together readily in most common solvents, and the solutions themselvesor the methods to produce themoften leave behind unwanted contamination. These studies have focused on both single-walled CNTs (SWCNTs) 17, 18 and multiwalled CNTs (MWCNTs), 14 with numerous qualified successes. An appealing approach for the successful dispersion of individual CNTs is through covalent functionalization 19 or molecular wrapping. 20 While these methods can be ideal for certain applications, such as in some biological environments, 21 these semipermanent chemical modifications often change the properties of the CNTs, for example, the mechanical and emission properties, 22, 23 and are therefore undesirable for many purposes. Efforts to remove the covalent species or wrapped molecules can have limited success, but complete removal without other alterations to the nanotubes is difficult to achieve; for example, even extensive washing after nitric acid treatment still leaves the nanotubes with measurable amounts of carboxylic acid groups. 24 Another option for improving the dispersibility of CNTs in water is to oxidize their outer shells. 25 While this can be done gently to minimized damage to the CNTs, the nature of the process does still change the CNTs' properties, for example, by reducing the burning temperature. 26 For some applications this may not be a critical flaw, but for others it may, and for cases where pristine CNTs are desired, this is not a suitable option. Other efforts have focused on dispersing CNTs in polar organic solvents, such as dimethylformamide (DMF) and N-methylpyrrolidene (NMP). 27, 28 Unfortunately, these solvents have low dispersion limits, less than ideal stability, and can be dangerous and expensive. 29 A small body of work has shown very high solubility for CNTs in superacids, 30 but strong acids are less compatible with typical processing environments. The covalent/noncovalent trade-offs can be overcome through the development of covalently functionalized double-walled carbon nanotubes that feature tailored surface chemistry and protected inner tube properties. 31, 32 However, the samples produced by this approach have covalently modified outer walls that prevent direct investigation of the starting materials. Since avoiding tube damage is so important, use of surfactants that noncovalently disperse CNTs has emerged as a common standard approach, especially when the goal is characterization of intrinsic properties.
Single surfactant molecules have hydrophilic and hydrophobic natures that allow them to form dispersions of hydrophobic CNTs in water. However, the contemporary understanding of how surfactant micelles form and interact with CNTs above the critical micelle concentration (cmc) is still quite limited. 33, 34 Nevertheless, it has been welldocumented that surfactants, especially coupled with sonication, can be used to create stable suspensions of individual CNTs. 14, 35 In this category, there is also a wide variety of nonionic, anionic, cationic, and zwitterionic surfactants that have been investigated. Among the nonionic surfactants, octyl phenol ethoxylate (Triton X-100), alkylphenolethoxylate (IGP), and the TWEEN family (Polysorbate 20, TWEEN 60, etc.) are the most common and have shown high dispersion limits in some studies. 14, 36 Cationic surfactants have shown less promise, but the ones most commonly cited are dodecyl trimethylammonium bromide (DTAB) and cetrimonium bromide (CTAB). 35, 36 The most common category of surfactants used for individual CNT suspensions is anionic; these include sodium octanoate (SOCT), sodium dodecyl sulfate (SDS), and sodium dodecylbenzenesulfate (SDBS). 35,37−39 After a series of promising leads in the area of surfactant development, there has been a stagnation of effort during the last 10 years, with fewer studies proposing new or improved surfactant formulations for nanotube depositions. In this atmosphere, SDS has emerged as the de facto standard because, for many applications, it is better than the other alternatives, readily available, and "good enough", or it at least serves as a point of reference for controlled studies.
In this paper, we present a comparison between SDS and ammonium laurate (AL), the latter of which has not previously been used as a surfactant for CNT dispersion. As can be seen in Figure 1 , AL and SDS both have a C 12 alkane end group interacting with the CNTs and differ only in the ionic end group interacting with the solution. We find that AL shows promising results as compared to SDS, with a key advantage being the elimination of surfactant residue after CNT deposition onto a substrate, among other benefits. In addition, we find that, compared to SDS, AL depositions show fewer unwanted carbon particles connected to the MWCNTs, such as fullerene onions. Despite having the same length and morphology of the hydrocarbon tail, the slight difference in head groups and the change from sodium to ammonia cation in AL unexpectedly improve the interaction with the MWCNTs for cleaner deposition of individual carbon nanotubes from a surfactant-stabilized suspension. Electrophoresis measurements give insight into the reasons for the difference.
■ EXPERIMENTAL SECTION
Substrate Treatment. The substrates used for nanotube deposition are 100 nm thick silicon nitride membranes purchased from Silson Ltd. They are treated with (3-aminopropyl)triethoxysilane (APTES; Sigma-Aldrich, 99%) prior to the nanotube deposition, in order to form a self-assembled monolayer (SAM). Liquid APTES is evaporated into a vacuum chamber and diffusively redeposited onto the membranes for 7 min. The membranes are then placed on a hot plate at 120°C for 30 min. The samples are dipped in 37% hydrochloric acid for 5 s and then transferred to deionized (DI) water for 1 min prior to being transferred into the nanotube solutions, where they are left for 48 h. Upon being taken out of solution, the membranes are immediately dried with nitrogen gas.
Nanotube Solutions. The nanotubes used are MWCNTs produced via arc-discharge 40 and purchased from Sigma-Aldrich in unprocessed boule form. The manufacturer-supplied TGA data shows that these tubes have >99% carbon content. Nanotube-dense regions of the boule are scraped out and crushed manually. Small amounts are added to 10 mL batches of aqueous solutions. After the MWCNTs are added to the solutions, they are bath sonicated for 20 min (70 W) and then probe-sonicated with a 13 mm circular tip for 2 min at 20% of 500 W with pulsing of 1 s on, 1 s off (Sonics Vibra Cell VC 505). Since the area of the bath sonicator is approximately 100 cm 2 , the power density applied to the tubes during this process is very gentle in comparison to the probe sonicator. Solutions are then centrifuged for 30 min at 1000g. The top portion of the homogeneous solution is decanted (approximately 9 mL) by pipet after centrifugation so that the bottom portion of solution containing large amounts of graphitic particles could be discarded and solutions containing mostly suspended nanotubes and carbon nanoparticles are utilized for the following studies.
Surfactant Preparation. SDS solutions are prepared by weighing out appropriate amounts of SDS powder [Sigma-Aldrich ReagentPlus, >98.5% (GC)] to glass vials and then adding 10 mL of DI water. The solutions are bath sonicated for 20 min until the SDS is dissolved.
AL solutions are prepared by first weighing out appropriate amounts of dodecanoic acid [>99% (GC/titration)] to glass vials and then adding 10 mL of DI water. Ammonium hydroxide is added dropwise to the solution to convert the lauric acid to AL, and the addition continues until the solution pH reaches 11 to ensure that the lauric acid is fully dissolved. ■ RESULTS AND DISCUSSION Surfactant Chemistry. Although AL is not commercially available as a compound, this surfactant can be conveniently prepared from the anionic acid, lauric acid, as a precursor by simple ionic exchange in aqueous solution. The lauric acid has a much higher pK a than the corresponding SDS anion, about 5 versus 1.9. By adding aqueous ammonia to a lauric acid/ deionized water mixture, dissociation of the acid occurs and an AL solution is formed. The pH of the AL solutions is increased to 11 for shelf-stable solutions with very low anionic strength. Figure 1 shows the structure of the surfactants that were tested as well as the surface chemistry added to the substrates prior to solution deposition. In order to gain a greater understanding for the effect of pH and addition of hydroxide, a series of tests were performed with different combinations of lauric acid, SDS, ammonium hydroxide, and sodium hydroxide. Through these experiments it was found that AL far outperforms the other ionic combinations and this work therefore only focuses on AL, in comparison with the numerous prior studies of SDS as a reference surfactant. The outcome of the other combinations can be found in the Supporting Information (Table S1 and Figure S2 ). The substrate surface preparation was carried out by low-pressure silanization, as described above in the Experimental Section, to improve adhesion of the surfactant anions.
The solutions tested ranged from 0.5 to 2.0 wt % surfactant. For SDS, different studies have determined that the ideal concentrations of SDS for the dispersion of MWCNTs generally falls within the same range tested here. 38,41−43 These concentrations represent about 2−10 times the cmc for both surfactants. The cmc for AL is 9.25 mM, 44 which is just 11% higher than that of SDS. However, this difference may be the reason that AL does not start to perform well until 1.0 wt %, while SDS starts to suspend well even at 0.5 wt %. A previous study using small-angle neutron scattering and timeaveraged light scattering found that pure AL solutions form rodlike micelles above the cmc with a nearly constant radius of 15 Å. 44 The higher the concentration of AL, the longer the micelle rods become, which we speculate leads to AL forming stable cylindrical micelles around MWCNTs, in contrast to SDS, which is known to form isotropic spherical micelles in these concentration ranges. 45 Solution Stability. The stability of the CNT dispersions is monitored for sedimentation and by recording absorption spectra over the course of 11 days. The procedure for creating these solutions is detailed in the Experimental Section above and includes ultrasonic processing, centrifuging, and decanting the solutions. We note that compared to most CNT surfactant procedures, 39, 46 which require sonication for many hours, ours requires only 20 min of gentle bath sonication and 2 min of probe sonication, which minimizes damage to the CNTs. An example of what happens to MWCNTs after a lengthy 2 h of probe sonication in SDS and AL is available in the Supporting Information (Figure S7 ), which confirms that the 2 min that we use is indeed a gentle process. Absorption spectra are recorded for 1.0 wt % surfactant solutions on days 1, 3, 8, and 11 after they are prepared. By looking at the average absorption from 300 to 800 nm, we are able to obtain quantitative information on the MWCNT concentration retention over time. Figure 2b shows that the drop in absorption is lower for AL than for SDS, indicating that the MWCNT concentration decreases less over the course of the first 11 days for AL than for SDS. The raw absorption data is available in the Supporting Information (Figures S3 and S4) . Figure 2b represents one set of solutions, but measurements on other batches show similar trends, with the lost MWCNTs becoming sediment at the bottom of the vials. In addition, the AL solution retains 95% of its optical absorption, indicating high stability. By comparing photographs in Figure 2 for each solution, it is also possible to monitor the stability of the MWCNT suspensions. The variation in the MWCNT concentration seen in the different solutions is a function of the amount of material that is stable in solution through the centrifuge process. This leads to the conclusion that the 1.0 and 2.0 wt % AL solutions are most effective at keeping MWCNTs in suspension, with 1.0 and 2.0 wt % SDS solutions showing successively and reproducibly lower MWCNT concentrations at the end of 11 days. The solution The data points are the average absorption from wavelengths 300−800 nm as compared to the absorption on the day that the solutions were made. On day 1, the absorbance for AL is 8% higher than that for SDS, but this chart shows the absorbance normalized to day 1, for ease of comparison. The raw data can be found in the Supporting Information (Figures S3 and S4 without any surfactant, labeled "DI" did not disperse visible amounts of nanomaterials, as expected. During the centrifuging process the DI−nanotube suspension could not be decanted and instead was resonicated prior to the "Day 1" picture. The images of the DI solution also show that, without surfactant, like most CNT specimens, our MWCNTs do not suspend well in deionized waterby day 10 the solution is nearly clear and the bottom of the vial contains the aggregated nanomaterials. Electrophoresis ζ-potential measurements are also used to explore the stability of the solutions, even though the technique is generally only quantitative for charged spherical particulates. For cylindrically shaped species of unspecified length, measured ζ-potential values cannot be compared with simple theories. However, trends can be compared to give information about relative stability. Solutions with MWCNTs were tested at the typical pH for the given surfactant: about 4 for SDS and 11 for AL. The average values of ζ-potential for all AL and SDS MWCNT solutions tested are −50 mV or lower (higher in absolute value), showing that the solutions are indeed stable. These results are similar to those obtained for MWCNTs suspended in DTAB, where the strongest ζ-potential value was about −40 mV at a pH of 12. 35 For comparison, we measure the ζ-potential average without any surfactant as only −30 mV for MWCNTs in deionized water. For tests of 1.0 wt % surfactant solutions without MWCNTs, the absolute value of the average ζ-potential is consistently higher for AL than for SDS, but the data frequently show multiple electrophoretic peaks for both solutions. In order to look at the effect of pH on these measurements and to explore the behavior of the ionic constituents of the surfactants with applied potential, a series of solutions was tested. The plots of these measurements can be found in the Supporting Information (Figures S5 and S6) . It is found that the absolute value of the ζ-potential for the solutions decreases with increasing pH for both, but most significantly for the AL, presumably due to the higher pK a . For AL, the absolute value of the ζ-potential decreases by about 50% from pH 9 to 11, showing that as the pH increases, the ionic dissociation becomes less pronounced. Nevertheless, even at pH 11, where the AL molecule would exist essentially as an undissociated polar salt molecule with little ionic character, the AL suspensions still show greater shelf stability than their SDS counterparts and, as we show below, produce far superior MWCNT depositions.
Transmission Electron Microscopy (TEM) Observations of Deposited MWCNTs. MWCNTs are deposited from the surfactant solutions by overnight submersion of 100 nm thick silicon nitride membrane substrates that have been previously treated with APTES to enhance anion adsorption. Membranes are removed from the vials the following day and immediately dried with nitrogen gas. TEM images show that the SDS salts re-form on the membranes upon drying, while the AL salts do not. Figure 3 shows TEM images of MWCNTs deposited from AL and SDS at different resolutions. There is, of course, some variation in cleanliness and NT dispersion across the area of the samples, but the images in Figure 3 have been chosen as typical representations of neither the worst nor the best areas of the samples. The SDS images show that the SDS re-forms into salt residue on the membrane even where there are no MWCNTs. The AL samples, on the other hand, show no evidence of residue from the surfactant. For both samples, the dispersion includes mostly individual MWCNTs rather than bundles, as desired, but the SDS-deposited MWCNTs also show large amounts of unwanted carbon particles attached to their outer surfaces. In fact, when counting MWCNTs and carbon particles, over randomly selected 72 μm 2 areas, almost two times more unwanted carbon particles are found per MWCNT for SDS as compared to AL. While the AL deposition in Figure 3a shows some carbon particles, similar to those in the SDS deposition at higher magnification in Figure 3d , Figure 3a ,b (which are the same magnification) shows clear evidence that AL is better able to selectively separate individual MWCNTs within the solution.
Further evidence of AL's ability to selectively suspend and deposit individual MWCNTs without unwanted particles was found through Raman spectroscopy. Typical spectra are shown in the Supporting Information (Figure S1 ), where the D-band to G-band intensity ratios show improved depositions of highquality MWCNT with AL, in comparison with SDS. The average I D /I G was 0.65 without any surfactant, 0.27 for SDS, and 0.16 for AL. The higher intensity of the D-band signifies higher defect densities, and the ratio of this intensity with the G-band is a generally accepted metric for the graphitic quality in the sample. 47 Our results show that depositions from AL solutions have fewer disordered graphitic particles than those from SDS. We can speculate that since spherical carbon particles contain more pentagon defects, to provide the curvature to close the structure, 48 SDS is either more effective at suspending spherical particles or is less effective overall at suspending the desired MWCNT nanomaterials.
In order to confirm that the residue shown on the SDS membranes is indeed layers of re-formed salt, atomic force microscopy (AFM) measurements are performed. Anhydrous SDS has been found to have a double-layer structure with a bilayer lamellar thickness of about 3.9 nm, which can decrease slightly with hydration. 49 AFM measurements of the step height of the SDS residue shown in Figure 4 are indeed in steps of approximately 4 nm. Both samples shown in Figure 4 are silicon chips treated with APTES, left in 1 wt % surfactant solution without MWCNTs overnight, and then dried with nitrogen upon removal from the solution. Figure 4 also shows that there is no noticeable AL re-formation on the same surfaces.
Salt Re-Formation. In order to further investigate the residue formation of the sodium-based surfactants, multiple combinations of bases are added to increase the pH of the solutions. The pH of these solutions is brought up to 11 to match that of the AL solutions investigated and to confirm that our results are not simply just a function of pH. These results can be seen in the Supporting Information (Table S1 and Figure S2 ). When sodium hydroxide is added to SDS, the residue shows very similar re-formation patterns as SDS without any added base. SDS, with ammonium hydroxide added, also shows residue formation, but the structure of the reformed salt appears thicker and more disordered in TEM images. Lauric acid reacted with sodium hydroxide produces a sodium-based version of AL, sodium laurate, which also readily produces residue formation, based on TEM observations of treated substrates. The process for re-formation of the salt residue can be understood from the chemistry of the charged end group on the surfactant anion and its corresponding cation. The SDS solutions, regardless of increased pH, exhibit a strong tendency to re-form the salt, likely because the sulfate group is a large ion, with weaker Coulomb binding and corresponding higher ionic dissociation probability, in comparison to the smaller carboxylate group of the AL. 50 This means that the SDS is more likely to be freely charged in solution and thus more strongly attracted to the APTES functionalization on the membrane or any other charges that may be on a given surface. The lower pK a of ammonium hydroxide versus sodium hydroxide (9.25 versus 13.8) means that the NH 4 cation is also more likely to associate with the laurate anion, forming an aqueous solution that is more stable against unwanted chargedriven surface deposition. Salt Removal. With limited success, the excess SDS surfactant can be removed from the membranes with cleaning procedures.
16 Figure 5 shows the results after an APTES silicon nitride membrane is left in 1.0 wt % SDS MWCNTs solution overnight and then rinsed thoroughly with deionized water for 1 min and then left in clean, deionized water for an additional minute prior to drying with nitrogen gas. Most, but not all of the SDS salt residue is removed through this cleaning procedure. However, it is clear that, after the cleaning, there is still a significant number of carbon onions on the MWCNTs that cannot be seen in the corresponding AL depositions. This again leads to the conclusion that AL does a better job of separating individual nanotubes, perhaps because AL naturally prefers to form cylindrical micelles, while SDS prefers spherical micelles. 44 In addition, lauric acid has a melting temperature of only 44°C and a vaporization temperature of about 298°C, compared to 206 and 380°C for SDS. These properties make it easy to remove CNTs from AL solutions by simple physical processing. Lauric acid can also be burned off of substrates at temperatures that do not damage carbon nanostructures. 51 Oxidation of SDS would leave sodium-and sulfur-containing residues, whereas AL would oxidize residue-free. As proof of the success of the cleaning procedure for possible electrical applications, the Supporting Information includes a section with results of a lowvoltage SEM technique where the resulting contrast is a function of the electrical conductivity. These results clearly show that the electrical contact resistance of CNTs with metal is lower for AL-deposited CNTs as compared to SDS-deposited ones.
■ CONCLUSION
This study introduces ammonium laurate for use as a surfactant for the controlled suspension and clean deposition of CNTs. This is important for future applications of CNTs, such as electronic devices and optical emitters, where individual NTs are necessary. These stable solutions are simple to prepare and do not require excessive sonication, which is harmful to the CNTs. We show that a SAM on a substrate can be coupled with CNTs in ammonium laurate dispersions without buildup of the surfactant on the surface, as occurs with other common dispersants. The reason for this important improvement is that the low ionic strength of the AL solutions prevents it from interacting with the SAM and re-forming salts at the interface. Another positive side effect of the approach is that, compared to SDS, AL has a stronger tendency to selectively suspend individual CNTs without additional carbon particles attached. This is perhaps due to AL's tendency to form cylindrically shaped micelles, as opposed to the spherically shaped micelles formed by SDS. Through aqueous dispersion of CNTs with ammonium laurate, substrate-deposited nanotubes show less debris than other common surfactants, providing cleaner samples for both future research and potential applications.
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